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ABSTRACT
To accommodate stringent spore limits mandated for 
the export of dairy powders, a more thorough under-
standing of the spore species present will be necessary 
to develop prospective strategies to identify and reduce 
sources (i.e., raw materials or in-plant) of contamina-
tion. We characterized 1,523 spore isolates obtained 
from bulk tank raw milk (n = 33 farms) and samples 
collected from 4 different dairy powder-processing 
plants producing acid whey, nonfat dry milk, sweet 
whey, or whey protein concentrate 80. The spores iso-
lated comprised 12 genera, at least 44 species, and 216 
rpoB allelic types. Bacillus and Geobacillus represented 
the most commonly isolated spore genera (approxi-
mately 68.9 and 12.1%, respectively, of all spore iso-
lates). Whereas Bacillus licheniformis was isolated from 
samples collected from all plants and farms, Geobacillus 
spp. were isolated from samples from 3 out of 4 plants 
and just 1 out of 33 farms. We found significant differ-
ences between the spore population isolated from bulk 
tank raw milk and those isolated from dairy powder 
plant samples, except samples from the plant produc-
ing acid whey. A comparison of spore species isolated 
from raw materials and finished powders showed that 
although certain species, such as B. licheniformis, were 
found in both raw and finished product samples, other 
species, such as Geobacillus spp. and Anoxybacillus spp., 
were more frequently isolated from finished powders. 
Importantly, we found that 8 out of 12 genera were 
isolated from at least 2 different spore count methods, 
suggesting that some spore count methods may provide 
redundant information if used in parallel. Together, 
our results suggest that (1) Bacillus and Geobacillus 
are the predominant spore contaminants in a variety 
of dairy powders, implying that future research efforts 
targeted at elucidating approaches to reduce levels of 
spores in dairy powders should focus on controlling 
levels of spore isolates from these genera; and (2) the 
spore populations isolated from bulk tank raw milk and 
some dairy powder products are significantly different, 
suggesting that targeting in-plant sources of contami-
nation may be important for achieving low spore counts 
in the finished product. These data provide important 
insight regarding the diversity of spore populations iso-
lated from dairy powders and bulk tank raw milk, and 
demonstrate that several spore genera are detected by 
multiple spore count methods.
Key words: spore populations, dairy powders, bulk 
tank raw milk
INTRODUCTION
Bacterial endospores (referred to here as spores) rep-
resent important quality and safety indicators for dairy 
powders (Burgess et al., 2010; Watterson et al., 2014; 
Hwang and Park, 2015). Their resistance to several en-
vironmental stresses, including high temperature, low 
pH, and low water activity, makes spores well suited to 
survive the various environments encountered during 
dairy powder production (Setlow, 2006; Burgess et al., 
2010; Witthuhn et al., 2011).
Previous accounts of aerobic spore populations 
in dairy powders were restricted to nonfat dry milk 
(NDM) and whole milk powder (WMP). For these 
dairy powders, Anoxybacillus flavithermus, Geobacillus 
stearothermophilus, and Bacillus licheniformis represent 
the most frequently isolated organisms (Scott et al., 
2007; Burgess et al., 2010; Yuan et al., 2012). However, 
A. flavithermus and G. stearothermophilus are rarely 
isolated from bulk tank (BT) raw milk, where the pre-
dominant spore species include B. licheniformis, Bacil-
lus pumilus, and Bacillus subtilis (Coorevits et al., 2008; 
Burgess et al., 2010; Yuan et al., 2012). The disparity in 
spore populations isolated from dairy powders and BT 
raw milk is often attributed to in-plant sources of con-
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tamination. Scott et al. (2007) isolated A. flavithermus 
and Geobacillus spp. from multiple sampling points in 
a WMP processing plant. Those authors noted that 
A. flavithermus was the predominant organism in pre-
heating processing steps, but both Geobacillus spp. and 
A. flavithermus were isolated at subsequent processing 
steps (Scott et al., 2007). This demonstrates the dy-
namic nature of spore populations in dairy powders and 
highlights the need for an improved understanding of 
the spore species, which are associated with raw mate-
rial and in-plant contamination.
Currently, no public reports exist of spore popula-
tions in dairy powders, such as whey protein concen-
trate 80 (WPC-80), sweet whey (SW), and acid whey 
(AW); this would be of significant economic value to 
dairy powder exporters due to customer requirements 
for powders to meet strict spore count limits. There-
fore, it is important to identify the spores present in 
these dairy powders so that preventative approaches to 
limiting spore contamination in these products can be 
developed.
Previous studies have identified contamination origi-
nating from biofilms formed by spore-forming bacteria 
as an important source of bacterial spores in dairy pow-
ders (Parkar et al., 2001; Scott et al., 2007; Burgess et 
al., 2010). In favorable environments, spores are capable 
of germinating into bacterial cells, which are then able 
to adhere to processing equipment and, subsequently, 
establish biofilms. Additionally, the heat tolerance of 
several spore species suggests that they are capable 
of surviving in the product throughout processing (te 
Giffel et al., 2002; Scheldeman et al., 2005; Burgess et 
al., 2010). For these reasons, mandating low spore lev-
els in raw materials has been identified as an important 
approach to reducing spore loads in the finished prod-
uct (Watterson et al., 2014). However, few studies have 
examined differences in spore populations isolated from 
raw materials and finished products (Scott et al., 2007; 
Watterson et al., 2014). An improved understanding of 
the processing steps at which spores contaminate dairy 
powders would provide relevant information that would 
be useful for developing enhanced control strategies.
Spore levels may be quantified using a variety of 
spore count methods (SCM), each requiring differ-
ent temperature and time combinations [referred to 
as spore pasteurization (SP)] to eliminate vegetative 
bacterial cells, as well as different incubation tem-
peratures and plating media to enumerate the resulting 
spore-forming bacteria (Ronimus et al., 2003; Bienv-
enue, 2014; Watterson et al., 2014). For example, the 
standard spore pasteurization (SSP) method requires a 
heat treatment of 80°C for 12 min, whereas the highly 
heat resistant (HHR) SCM uses a heat treatment of 
100°C for 30 min (Frank and Yousef, 2004; Watterson 
et al., 2014). Currently, it is unknown how these dif-
ferent SCM may influence the resulting spore count 
of the product tested or the composition of the spore 
populations recovered. Work by Watterson et al. (2014) 
suggests differences exist in the resulting spore counts 
obtained by HHR and SSP methods, but it is unknown 
how these methods affect the resulting spore species 
that are isolated. Because dairy powder customers may 
require that multiple SCM be performed to assess spore 
levels in a dairy powder, it is important to determine 
the spore species that may be detected or excluded by 
different SCM.
Therefore, the goals of this study were to (1) charac-
terize the spore populations of a variety of dairy pow-
der (AW, NDM, SW, and WPC-80) and BT raw milk 
sources; (2) determine differences in spore populations 
isolated from raw materials and finished products; and 
(3) determine which spore genera are typically detected 
by different SCM.
MATERIALS AND METHODS
Description of Spore Isolates Used in This Study
A total of 1,949 bacterial isolates, collected from BT 
raw milk and dairy powder samples that had been SP, 
were characterized in this study. Isolates were obtained 
from 2 previous studies examining spore counts in (1) 
BT raw milk from 33 different farms throughout New 
York State sampled every other month for 1 yr (i.e., 6 
BT raw milk samples per farm, total of 198 samples; 
Miller et al., 2015); and (2) 4 different dairy powder 
processing plants sampled every other month for 1 yr 
(i.e., 6 sampling dates per plant, total of 147 samples 
from plants processing AW, NDM, SW, or WPC-80; 
Watterson et al., 2014). Samples collected in the 4 
plants included (1) raw materials (e.g., raw milk, whey 
powders, liquid whey), (2) product collected at inter-
mediate processing stages (work in process; WIP), 
and (3) finished product (see Table 1; Watterson et al., 
2014). All samples had been SP by heating at 80°C for 
12 min for SSP, or 100°C for 30 min for HHR SP (only 
performed for dairy powder plant samples), followed by 
incubation at 6°C for 10 d [psychrotolerant spore count 
(PSC)] to enumerate psychrotolerant spores, and at 32° 
and 55°C for 48 h to enumerate mesophilic [mesophilic 
spore count (MSC)] and thermophilic [thermophilic 
spore count (TSC)] spores, respectively (Frank and 
Yousef, 2004). An additional enrichment step, in which 
SP samples were incubated at either 6°C for 10 d, or at 
32 or 55°C for 48 h, followed by plating on brain-heart 
infusion (BHI) agar and subsequent incubation at 6°C 
for 10 d, or at 32 or 55°C for 48 h, was done to detect 
spores present at levels below detection (present at 
8494 MILLER ET AL.
Journal of Dairy Science Vol. 98 No. 12, 2015
levels <10 cfu/mL). Morphologically distinct colonies 
obtained from PSC, MSC, and TSC analyses had been 
substreaked onto BHI plates, followed by incubation at 
6, 32, or 55°C, depending on the original temperature 
of isolation. Isolated colonies from substreaked plates 
had been propagated in BHI broth (Difco; Franklin 
Lakes, NJ) overnight at either 32°C for isolates from 
PSC or MSC analyses, or at 55°C for isolates obtained 
from TSC analyses. Visibly turbid cultures had been 
preserved in 15% glycerol stocks maintained at −80°C 
before characterization.
Gene Sequencing
All spore isolates were characterized using PCR am-
plification of a segment of the rpoB gene (Durak et al., 
2006; Ivy et al., 2012). Briefly, frozen aliquots of spore 
isolates were plated on BHI agar, followed by incuba-
tion at 32 or 55°C for 24 to 48 h. Bacterial lysates were 
prepared either by (1) heating colonies in a microwave 
on high for 2 min, or (2) by inoculating 100-μL aliquots 
of 0.05 M NaOH with colonies, followed by heating at 
95°C for 15 min. The PCR reagents and thermocycling 
conditions used were as described by Durak et al. 
(2006). A second set of primers (refer to Table 2 for 
primers used in our study) was designed to characterize 
isolates collected from dairy powder sources. Electro-
phoresis of PCR products was performed using a 1.5% 
agarose gel. The PCR products were electrophoresed at 
120 V for 30 min. Sequencing reactions were performed 
as per manufacturer’s instructions (Big Dye Sequencing 
Kit, Life Technologies Inc., Grand Island, NY), and 
were analyzed as described previously (Ivy et al., 2012).
rpoB AT Assignment, Sequence Alignment,  
and Species Identification
Spore isolates were assigned an rpoB allelic type 
(AT), as described previously (Huck et al. 2007; Ivy 
et al., 2012); rpoB AT represent unique 632 nucleotide 
sequences of the rpoB gene that differ from previous 
rpoB sequences in the rpoB database (MQIP, Cornell 
University, Ithaca, NY) by 1 or more nucleotides. For 
a spore isolate representing a new AT, a 700-nucleotide 
segment of the 16S rRNA gene was analyzed for spe-
cies identification as previously described (Huck et al., 
2007). Sequences were aligned and trimmed to their 
respective lengths (632 nucleotides for rpoB and 700 
nucleotides for 16S rRNA) using Mesquite software 
(version 3.03, Mesquite software; http://mesquitepro-
ject.org). All sequences were edited using Sequencher 
software 5.0 (Gene Codes Corporation, Ann Arbor, MI). 
Table 1. Summary of all spore isolates collected from acid whey, nonfat dry milk, sweet whey, whey protein concentrate-80, and bulk tank raw 
milk sources
Source1
Raw material2 Work in process3 Finished4 Total5
No. of 
samples
No. of 
isolates
No. of 
samples
No. of 
isolates
No. of 
samples
No. of 
isolates
No. of 
samples
No. of 
isolates
SW 18 62 24 213 6 57 48 332
NDM 6 39 24 266 6 69 36 374
AW 6 3 12 25 6 6 24 34
WPC-80 9 13 24 131 6 44 39 188
BT Raw Milk 198 595 NA6 NA NA NA 198 595
1Description of the product sample from which a given spore isolate was collected [sweet whey (SW), nonfat dry milk (NDM), acid whey (AW), 
whey protein concentrate 80 (WPC-80), bulk tank (BT) raw milk].
2Samples included raw milk, whey by-products, WPC-80, lecithin, and lactose powder (Watterson et al., 2014).
3Samples included materials collected midprocess at intermediate steps in processing (Watterson et al., 2014).
4Samples included dairy powders (SW, NDM, AW, WPC-80) after packaging.
5Includes all spore isolates collected from all samples from a given source.
6NA = not applicable, only raw samples were collected for BT raw milk.
Table 2. Primers used in this study
Primer name Primer description Primer sequence (5c–>3c)1
RZrpoBRV3 Reverse primer for rpoB TGNARYTTRTCRTCRACCATGTG
RZrpoBFV3 Forward primer for rpoB AARYTNGGHCCDGARGAAAT
RZrpoBRV2 Reverse primer for rpoB AARYTNGGHCCTGAAGAAAT
RZrpoBFV2 Forward primer for rpoB TGNARYTTRTCATCAACCATGTG
16S-P3SH Reverse primer for 16S rRNA gene CTACGGTTACCTTGTTACGACTT
16S-PEU7 Forward primer for 16S rRNA gene GCAAACAGGATTAGATACCC
1IUPAC standard nomenclature; N = A, C, G, or T; R = A or G; Y = C or T; H = A, C, or T; D = A, G, or T.
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A maximum-likelihood phylogenetic tree was generated 
as described previously, using the rapid maximum-
likelihood algorithm (Ivy et al., 2012), to provide genus 
and species identification.
Final Spore Isolate Data Set
Of the 1,949 bacterial isolates characterized, a to-
tal of 1,523 spore isolates were included in the final 
data set (see Table 1). Isolates which were identified 
as non-spore-forming (e.g., Staphylococcus spp., Carno-
bacterium spp., Planococcaceae spp., Streptococcus spp., 
Lactococcus spp., and Micrococcus spp.) were excluded 
from all analyses (n = 68 isolates). Likewise, if multiple 
isolates with the same rpoB AT were isolated from the 
same sample and receiving the same SCM, only one 
isolate for the given AT, sample, or SCM was retained; 
this strategy eliminated 358 isolates from the final data 
set. Therefore, the final data set included unique iso-
lates representing AT obtained by a given SCM (i.e., 
SP and subsequent incubation temperature) for each 
sample. All information pertaining to isolate source, 
isolation methods, and rpoB and 16S rRNA sequences 
are available online in the Food Microbe Tracker Data-
base (http://www.foodmicrobetracker.net).
Statistical Analysis
All statistical analyses were performed using R 
statistical software (version 3.0.1; R-project, Vienna, 
Austria). Nonmetric dimensional scaling and analysis 
of similarities (ANOSIM) analyses were performed 
using the R package Vegan (Oksanen et al., 2015). 
Post hoc pairwise comparisons of ANOSIM statistics 
were performed using the Holm-Bonferroni multiple 
comparisons method included in the R package stats 
(version 3.0.1; R-project).
RESULTS AND DISCUSSION
To identify potential differences between populations 
of bacterial spores in both BT raw milk and dairy 
powder samples, we characterized and identified spores 
previously isolated from samples from (1) BT raw milk 
(from 33 different farms; Miller et al., 2015) and (2) 4 
different powder plants (AW, NDM, SW, and WPC-80 
processing plants; Watterson et al., 2014).
Dairy Powder and BT Raw Milk Samples Contain 
Diverse Populations of Bacterial Spores
Overall, we identified 12 different genera among 1,523 
spores isolated from BT raw milk samples and samples 
collected from the 4 different powder plants (AW, NDM, 
SW, and WPC-80 processing plants). Bacillus and Geo-
bacillus were the predominant genera, representing 68.9 
and 12.1%, respectively, of all spores collected. At least 
44 different species were identified; the 3 most common 
species were B. licheniformis (36.5% of all isolates), 
Bacillus cereus group spp. (7.6% of all isolates), and B. 
pumilus (5.2% of all isolates; see Table 3). The B. cereus 
group includes spore isolates that may represent species 
anthracis, cereus, cytotoxicus, mycoides, pseudomycoi-
des, thuringiensis, and weihenstephanensis (Dréan et 
al., 2015). The genetic relatedness of the species within 
the B. cereus group is high, therefore requiring more 
discriminatory analyses than single gene sequencing, as 
was used in our study, to distinguish between species 
within the B. cereus group (Kolstø et al., 2009; Zwick 
et al., 2012). Whereas the rpoB AT-based classification 
approach used here was unable to speciate Geobacillus 
and Anoxybacillus isolates, other studies have reported 
isolating G. stearothermophilus and A. flavithermus from 
dairy powders (Scott et al., 2007; Postollec et al., 2012). 
Consistent with our findings, B. licheniformis has been 
identified previously as the predominant spore species 
in BT raw milk (Scheldeman et al., 2005; Coorevits et 
al., 2008), and different dairy products (infant formula 
powder and whole milk powder) in different countries 
(Ronimus et al., 2003; Rückert et al., 2004;Yuan et al., 
2012).
Characterization of a portion of the rpoB gene also 
allowed us to differentiate the 1,523 spore isolates into 
216 different rpoB AT. The 3 most common AT were 1, 
353, and 6, representing B. licheniformis, Anoxybacil-
lus spp., and B. licheniformis, respectively. These data 
provide important baseline information on the most 
common spores found throughout the dairy continuum, 
from BT raw milk to finished dairy powder products.
Bacillus licheniformis and Bacillus pumilus Are  
the Predominant Spore Species in BT Raw Milk
The 595 spore isolates collected from BT raw milk 
from 33 different farms comprised 10 different genera 
and at least 36 different species. Bacillus licheniformis 
and B. pumilus were the 2 most frequently isolated 
spore species, accounting for a combined total of 56.5% 
of all isolates from BT raw milk (Table 3). We isolated 
B. licheniformis from BT raw milk from all 33 farms, 
highlighting the ubiquitous distribution of this spore 
species. Our results are consistent with other studies 
reporting that B. licheniformis and B. pumilus are 
frequently isolated from BT raw milk in Belgium (Co-
orevits et al., 2008) and the Midwestern United States 
(Buehner et al., 2014). Additionally, in agreement with 
other studies, we did not isolate Anoxybacillus spp. 
from any of the 198 milk samples tested (Coorevits et 
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al., 2008; Burgess et al., 2010). In contrast, we isolated 
Geobacillus spp. (1 isolate) from 1 BT raw milk sample. 
Whereas Geobacillus spp. are traditionally believed to 
be present in BT raw milk at very low levels, they are 
rarely isolated from BT raw milk (Scheldeman et al., 
2005; Burgess et al., 2010).
Among 140 rpoB AT isolated from BT raw milk, B. 
licheniformisAT 1 was identified in raw milk collected 
from every farm, suggesting that this AT is ubiquitous 
among BT raw milk from farms throughout New York 
State. Other AT which were commonly isolated from 
BT raw milk included B. licheniformis AT 6 (isolated 
from 28 farms), B. licheniformis AT 169 (isolated from 
14 farms), and B. pumilus AT 20 (isolated from 13 
farms). On average, 11 different AT (range = 4–19 dif-
ferent AT; SD = 3.5 different AT) were isolated from 
BT raw milk collected from each farm. A total of 87 AT 
were isolated from only 1 farm; the majority (n = 84) of 
these AT were only isolated from a single BT raw milk 
sample (i.e., these AT were only isolated from 1 out of 
198 total samples).
Although our data support the common presence 
of certain spore species (e.g., B. licheniformis and B. 
pumilus) and subtypes (e.g., AT 1), we hypothesized 
that BT raw milk from certain regions or specific farms 
may yield different spore populations. Farms belonged 
to 4 regions in New York State (Ithaca, Canton, Cob-
bleskill, and Geneseo; see Materials and Methods; Miller 
et al., 2015). Despite being located in the same state, 
when farms were stratified by region the distribution 
of spore genera isolated from BT raw milk samples col-
lected from farms within each region was significantly 
different (P = 0.045; ANOSIM analysis). To further 
discriminate differences in spore populations we exam-
ined the spore populations from each region at the AT 
level. Aside from AT 1 (representing B. licheniformis), 
which was isolated from BT raw milk from all 33 farms, 
no other AT were isolated from BT raw milk from all 
farms (i.e., present in BT raw milk collected from all 
33 farms). Few other studies have examined differences 
in the spore ecology of BT raw milk collected from 
farms in different geographical regions. By comparison, 
Coorevits et al. (2008), who sampled BT raw milk from 
farms in Belgium, reported that B. licheniformis and B. 
pumilus spores were present in all BT raw milk samples 
collected from 10 different farms sampled twice. A 
recent study by Buehner et al. (2014) also identified 
B. licheniformis as the predominant spore in BT raw 
milk from farms in South Dakota. Together, the results 
presented here and the findings of Buehner et al. (2014) 
and Coorevits et al. (2008) suggest that B. lichenifor-
mis and B. pumilus are the predominant spore species 
in BT raw milk, regardless of geographic location.
Bacillus and Geobacillus Are the Predominant Spore 
Genera Isolated from Dairy Powders
Among a total of 928 spore isolates obtained from 
raw materials, WIP, and dairy powder samples col-
lected from 4 dairy powder plants over 1 yr, a total of 
10 different genera were identified (see Table 3). The 
majority of the isolates collected from all 4 powder 
plant sources were Bacillus spp. (56.4%), Geobacillus 
spp. (19.8%), and Anoxybacillus spp. (17.3%).
Table 3. Spore genera and species isolated from samples from 4 different dairy powder processing plants and bulk tank raw milk from 33 farms
Genus and species
Spore isolates from each source,1 % (no. of isolates)
SW NDM AW WPC-80 BT raw milk Total
Aeribacillus pallidus 0.6 (2) 2.1 (8) 0.0 (0) 4.3 (8) 1.3 (8) 1.7 (26)
Anoxybacillus spp. 38.0 (126) 9.4 (35) 0.0 (0) 0.0 (0) 0.0 (0) 10.6 (161)
Bacillus cereus group 17.2 (57) 1.3 (5) 0.0 (0) 13.3 (25) 4.7 (28) 7.6 (115)
Bacillus clausii 0.3 (1) 2.1 (8) 5.9 (2) 0.5 (1) 5.2 (31) 2.8 (43)
Bacillus licheniformis 6.3 (21) 44.9 (168) 73.5 (25) 31.9 (60) 47.4 (282) 36.5 (556)
Bacillus pumilus 0.0 (0) 6.4 (24) 0.0 (0) 0.5 (1) 9.1 (54) 5.2 (79)
Bacillus subtilis s.l. 2.4 (8) 1.1 (4) 0.0 (0) 2.7 (5) 4.9 (29) 3.0 (46)
Bacillus thermoamylovorans 0.0 (0) 2.1 (8) 2.9 (1) 16.0 (30) 6.4 (38) 5.1 (77)
Geobacillus spp. 27.1 (90) 16.0 (60) 0.0 (0) 18.1 (34) 0.2 (1) 12.1 (185)
Lysinibacillus spp. 0.0 (0) 1.3 (5) 0.0 (0) 1.1 (2) 3.2 (19) 1.7 (26)
Paenibacillus spp. 0.9 (3) 3.5 (13) 2.9 (1) 0.5 (1) 4.2 (25) 2.8 (43)
Ureibacillus spp. 0.3 (1) 1.1 (4) 0.0 (0) 1.6 (3) 0.3 (2) 0.7 (10)
Other2 0.9 (3) 1.1 (4) 5.9 (2) 0.0 (0) 2.4 (14) 1.5 (23)
Other Bacillus spp.3 6.0 (20) 7.5 (28) 8.8 (3) 9.6 (18) 10.8 (64) 8.7 (133)
Total isolates, n 332 374 34 188 595 1,523
1SW = sweet whey; NDM = nonfat dry milk; AW = acid whey; WPC-80 = whey protein concentrate 80; BT = bulk tank.
2Other includes Brevibacillus spp., Oceanobacillus spp., Solibacillus spp., Sporosarcina spp., and Terribacillus spp.
3Other Bacillus spp. includes species aerophilus, coagulans, firmus, gibsonii, horneckiae, megaterium, muralis, nealsonii, neutriphilus/sojae, safen-
sis, smithii, and other Bacillus spp.
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A total of 7 genera were identified among the 332 
spore isolates from the SW processing plant (Table 3). 
The 2 most common genera were Anoxybacillus and Ba-
cillus, which accounted for 38.0 and 32.2% of all spores, 
respectively; 27.1% of spore isolates from SW samples 
represented the genus Geobacillus. We also identified 
at least 20 species and 39 AT. The predominant spore 
species isolated from SW samples were B. cereus group 
spp. and B. licheniformis. Although we were unable to 
speciate the Anoxybacillus spore isolates, just 3 differ-
ent AT were found in our study, with AT 353 represent-
ing the predominant AT for that genus, contributing 
122 out of a total 126 Anoxybacillus spp. isolated from 
samples collected from the SW processing plant. Of the 
Anoxybacillus spp. isolated in our study (157 isolates 
from all sources), AT 353 was the predominant sub-
type among Anoxybacillus spp. in dairy powders from 
the northeastern United States. Similarly, among all 
Geobacillus spp. isolates, 4 AT were identified from the 
SW processing plant samples, but the majority of the 
isolates belonged to AT 439 (68 out of 90 Geobacillus 
spp. isolates from SW samples).
Among the 374 spores isolated from the NDM pro-
cessing plant samples (see Table 3), 10 different genera 
were identified, with the majority belonging to Bacil-
lus (65.5%), Geobacillus (16.0%), and Anoxybacillus 
(9.4%). We identified at least 28 species and 71 AT; 
the species B. licheniformis (44.9%) and B. pumilus 
(6.4%) represented the majority of spore isolates from 
this source, and just 1 and 2 AT of Anoxybacillus and 
Geobacillus spp., respectively, were isolated. Similar to 
BT raw milk, Paenibacillus spp., Lysinibacillus spp., 
and Ureibacillus spp. were also isolated. Silo raw milk 
samples were only obtained for the NDM processing 
plant. Among the silo raw milk spore isolates (n = 41), 
we identified 5 genera (Bacillus, Lysinibacillus, Oceano-
bacillus, Paenibacillus, and Ureibacillus). Not surpris-
ingly, the majority of the silo raw milk spores isolated 
were B. licheniformis (n = 21 isolates).
Very few spore isolates (n = 34) were obtained from 
samples from the AW processing plant (see Table 3). 
For this plant, only 4 genera were isolated, representing 
9 species and 14 AT. Bacillus licheniformis accounted 
for 73.5% of all spores isolated. In contrast to the SW 
and NDM samples, we did not isolate any Anoxybacil-
lus or Geobacillus spp. from AW samples.
A total of 188 spores were isolated from the WPC-
80 processing plant (Table 3). We identified 6 genera 
and at least 18 different species. The most common 
genera were Bacillus (74.5%) and Geobacillus (18.1%). 
Overall, B. licheniformis (31.9%), B. thermoamy-
lovarans (16.0%), and B. cereus group spp. (13.3%) 
represented the most commonly isolated species for 
this source. Fifty-four different AT were identified; AT 
1 (B. licheniformis), 380 (B. cereus Group spp.), and 
439 (Geobacillus spp.) were the most common. Similar 
to AW, we did not isolate any Anoxybacillus spp. from 
this plant.
In previous studies (Rückert et al., 2004; Postollec et 
al., 2012; Yuan et al., 2012) that characterized spore 
species in dairy powders, the common genera and spe-
cies identified included B. licheniformis, Anoxybacillus 
spp. (typically A. flavithermus), and Geobacillus spp. 
For example, Yuan et al. (2012) reported that B. li-
cheniformis was the most frequently isolated spore 
species from dairy powders collected from 22 different 
dairy powder processing plants in China. Other studies 
(Rückert et al., 2004; Yuan et al., 2012) have reported 
that Anoxybacillus and Bacillus spores were widely dis-
tributed among WMP and NDM dairy powders. Inter-
estingly, we did not isolate Anoxybacillus spp. from AW 
or WPC-80 samples. Therefore, at least in the current 
study, we did not find that Anoxybacillus spores are 
widely distributed among powder processing facilities. 
Further sampling of other AW and WPC-80 powder 
samples will be necessary to confirm whether this result 
is reflective of a plant- or product-specific phenomenon.
Overall, our results confirm that spores of Bacil-
lus spp. and Geobacillus spp. are the most prominent 
among dairy powders produced in the northeastern 
United States. Whereas spores of Bacillus spp. seem to 
be ubiquitously distributed among all dairy powders, 
Geobacillus and Anoxybacillus spp. are not.
Spore Populations Isolated from Dairy Powder  
and BT Raw Milk Are Significantly Different
The large variety of species and AT identified among 
the spore isolates was further investigated to determine 
if the spore populations of BT raw milk and the 4 
dairy powder plants were significantly different. Our 
initial analysis revealed that spore populations in BT 
raw milk samples were significantly different (P = 
0.001; ANOSIM analysis of spore isolates from SSP 
samples only) from spore populations isolated from 
dairy powder plant samples. To further discriminate 
specific differences between sources, we performed 
nonmetric dimensional scaling and ANOSIM analyses 
using all spore isolates (i.e., those collected from both 
HHR and SSP dairy powder plant samples and SSP 
BT raw milk samples). These analyses showed that the 
spore population isolated from BT raw milk was sig-
nificantly different from the spore populations isolated 
from NDM, WPC-80, and SW samples (Table 4), even 
though silo raw milk isolates were included in the NDM 
spore population. The SW samples contained spore 
populations that were significantly different from the 
spore populations in AW, WPC-80, and BT raw milk 
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samples (Table 4), but not from the spore population in 
NDM samples. Consistent with our finding that a large 
number of Anoxybacillus spp. were isolated from NDM 
and SW samples, the spore populations isolated from 
these sources were significantly different from that of 
AW samples. Finally, WPC-80 samples contained spore 
populations that were significantly different from AW, 
BT raw milk, NDM, and SW samples (Table 4).
The finding that significant differences exist among 
the spore populations isolated from BT raw milk and 
the different dairy powder-processing plant samples ex-
amined in our study was not surprising given the large 
differences in both the processing environments and the 
raw and finished product samples obtained. However, 
the differences in the observed spore populations from 
particular sources were somewhat unexpected (e.g., BT 
raw milk and NDM). Several key explanations exist 
for the observed differences between spore populations 
from the various sources analyzed in our study.
The differences in the overall composition of each 
dairy powder product, and especially in the raw materi-
als used in the manufacture of each dairy powder, could 
have affected the resulting spore populations. Interest-
ingly, the spore population isolated from BT raw milk 
and NDM samples were significantly different, suggest-
ing that, at least in this specific case, BT raw milk 
is likely not the only source of spores in the finished 
product. It is important to note that although the BT 
raw milk collected and analyzed in our study originated 
from dairy farms located in the same geographic re-
gions as the powder processing facilities, information 
on the specific BT raw milk sources used by this NDM 
powder processing facility, as well as the raw milk used 
to produce the raw materials (e.g., acid whey) for the 
other powder processing facilities, was not available 
to us. To our knowledge, no studies have specifically 
examined spore populations in liquid whey from cheese 
processing, which represented the raw materials for 3 
out of 4 plants included in our study; however, spore-
forming bacteria such as Clostridium tyrobutyricum are 
known to be present in cheese, suggesting that spores 
are likely present in whey by-products as well (Klijn et 
al., 1995; Bassi et al., 2013). Overall, our finding that 
the spore populations isolated from dairy powder plant 
and BT raw milk samples were significantly different 
implicates the processing environment as an important 
source of spore contamination.
Differences in manufacturing processes and environ-
ments could also have contributed to the observed dif-
ferences among the spore populations from each source. 
Whereas the overall processing of each dairy powder 
was similar, the specific processes differed. For example, 
some processes included UF or reverse osmosis steps, 
which may affect levels of spores in milk (Elwell and 
Barbano, 2006; Tomasula et al., 2011). Differences in 
heat treatments used during processing could also have 
influenced spore levels. For example, the temperatures 
encountered during the processing run could have ef-
fectively reduced some heat-sensitive spore species or 
could have selected for certain spore species. It is also 
possible that some or all processing plants could have 
either harbored biofilms of a particular spore species, 
or acquired them during the processing run. The length 
of the processing run could affect whether exponential 
growth (and sloughing off) of spore-forming bacteria 
within biofilms established during the processing run 
occurs. All of these factors are important, as bacterial 
biofilms are a documented source of spore contamina-
tion (Scott et al., 2007).
Importantly, our data provide evidence that the 
spore populations among different dairy powders are 
not homogenous. We hypothesized that the observed 
differences in spore populations could be attributed to 
(1) differences in processing parameters (i.e., time of 
processing run, temperatures), (2) differences in the 
incoming spore loads due to the properties of raw ma-
Table 4. Significance of pairwise comparisons between spore populations isolated from acid whey, nonfat dry 
milk, sweet whey, or whey protein concentrate 80 dairy powders and BT raw milk samples
Sample source1,2
Sample source 1,2,3
AWa BT raw milka NDMb SWb
BT raw milka 0.35 —
NDMb 0.01 0.01 —
SWb 0.01 0.01 0.45 —
WPC-80c 0.01 0.01 0.01 0.01
1Sample source: AW = acid whey; BT = bulk tank; NDM = nonfat dry milk, SW = sweet whey; WPC-80 = 
whey protein concentrate 80.
2Superscripts (a,b) show grouping based on statistical differences observed between spore populations from 
each group; sample sources that share the same superscript do not show significant differences in spore popula-
tions.
3Holm-Bonferroni-corrected P-value for multiple pairwise comparisons of significant differences in the analysis 
of similarities (ANOSIM) statistic between different sample sources.
Journal of Dairy Science Vol. 98 No. 12, 2015
SPORE POPULATIONS IN DIFFERENT DAIRY POWDERS 8499
terials (e.g., pH, total acidity), (3) differences in spore 
species found within the processing facility (e.g., the 
presence of biofilms), or (4) a combination of these fac-
tors.
Bacillus lichenformis Is Found Consistently in Both 
Raw Materials and Finished Dairy Powders
Previous studies had suggested that the spore popu-
lations of raw milk and finished dairy powders were 
different (Rückert et al., 2004; Scott et al., 2007). Two 
possible explanations for this phenomenon have been 
proposed. First, biofilms of spore-forming bacteria with-
in the plant environment are able to contaminate the 
product during the processing run (Scott et al., 2007; 
Burgess et al., 2010). Second, spores are concentrated 
in the product through the removal of water during the 
drying process, allowing spores that were previously 
present at levels below detection to be concentrated to 
detectable levels (Watterson et al., 2014). Overall, our 
data support both in-plant and raw material derived 
sources of spore contamination in dairy powders.
The ubiquitous distribution of B. licheniformis spores 
among both BT raw milk and raw materials collected 
from all 4 dairy powder plants suggests that B. licheni-
formis contamination of dairy powders often originates 
from contaminated raw materials. In particular, B. li-
cheniformis AT 1 was isolated from both raw and WIP 
or finished samples for all 4 dairy powder plants (Fig-
ure 1). Additionally, 5 out of 7 total B. licheniformis 
AT isolated from the dairy powder plant sources were 
also isolated from BT raw milk samples (representing 
99.3% of B. licheniformis isolates from all 4 powder 
plant sources). Furthermore, for the NDM processing 
plant, we isolated the same subtypes of B. licheniformis 
from both silo raw milk and finished powder (AT 1, 6, 
9, 169), supporting our conclusion that the presence 
of B. licheniformis spores are a result of raw material 
contamination for this plant.
Interestingly, Anoxybacillus spore subtypes were iso-
lated from both raw and WIP or finished samples for 
the SW processing plant. Other studies have isolated 
Anoxybacillus spores from finished dairy powders, but 
not from raw materials such as raw milk (Ronimus et 
al., 2003; Scott et al., 2007; Yuan et al., 2012). Impor-
tantly, the SW processing plant included whey powder 
as a raw ingredient, suggesting that the presence of 
Anoxybacillus spores in the finished powder could have 
resulted from raw material contamination. However, 
for the NDM processing plant, Anoxybacillus spores 
were only isolated from WIP or finished samples, 
suggesting that for this plant the contamination was 
likely due to in-plant sources. In addition, the same 
Anoxybacillus spore subtypes were isolated during all 
6 sample collections, therefore supporting the idea of 
an in-plant contamination source for the NDM process-
ing plant. Anoxybacillus spores are frequently isolated 
from dairy powders produced throughout the world, 
but have yet to be isolated from raw milk (Rückert et 
al., 2004; Coorevits et al., 2008; Postollec et al., 2012). 
Taken together, our results suggest that Anoxybacillus 
spore contamination of dairy powders may not solely 
be attributed to in-plant sources if dairy powders are 
included as a raw material.
Similar to Anoxybacillus, Geobacillus spores have 
been primarily associated with in-plant sources of con-
tamination due to both their demonstrated ability to 
form biofilms in powder-processing plants (Burgess et 
al., 2010) and their being isolated at high levels from 
powders but present at levels below detection in BT 
raw milk (Scott et al., 2007; Burgess et al., 2010). In 
our study, Geobacillus spp. were isolated from both 
raw and WIP or finished product samples from the 
SW and WPC-80 processing plants. However, for these 
sources certain Geobacillus spore subtypes (AT 439 and 
444) were isolated from both raw materials (including 
WPC-80, raw whey retentate, liquid whey) and fin-
ished product (Figure 1), whereas other subtypes (AT 
357, 420, and 442) were exclusively isolated from WIP 
or finished powders. This suggests that, for certain 
plants, contamination of dairy powder products with 
Geobacillus spores is attributable to both raw material 
and in-plant contamination. For the NDM processing 
plant, Geobacillus spores (n = 60 isolates) were found 
exclusively in WIP or finished powder samples. For the 
NDM processing plant, in-plant contamination is likely 
the dominant source of Geobacillus spores found in the 
final powder.
Altogether, we found evidence to support both in-
plant sources of spore contamination and the concen-
tration of spores from low levels in raw materials to 
higher levels in finished dairy powders. One limitation 
of the identification method used in our study is that 
isolates were selected for rpoB AT identification based 
on differences in colony morphology. Therefore, our 
data limited our analyses to presence or absence and 
do not allow for quantification of a given spore species 
from a sample. The presence of multiple subtypes of a 
given spore genus in both raw materials and finished 
products implicates raw materials as an important 
source of spore contamination for some, but not all 
spore genera.
The Majority of Spore Genera Were Isolated by Both 
HHR and SSP Methods
Several different SCM exist and may be used in 
parallel to quantify spore loads in dairy powders (Bi-
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Figure 1. Stratification of rpoB allelic types (AT) collected from dairy powder processing samples (A = sweet whey, B = nonfat dry milk, 
C = acid whey, D = whey protein concentrate 80) and (E) bulk tank raw milk, by general source. Shaded cells represent spores isolated from 
raw materials (dark gray-shaded cells), work-in process or finished product (light gray-shaded cells), or from both raw and work-in-process or 
finished product samples (black-shaded cells). Numbers within cells represent the number of isolates of a specific AT isolated from a given source.
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Figure 1 (Continued). Stratification of rpoB allelic types (AT) collected from dairy powder processing samples (A = sweet whey, B = 
nonfat dry milk, C = acid whey, D = whey protein concentrate 80) and (E) bulk tank raw milk, by general source. Shaded cells represent spores 
isolated from raw materials (dark gray-shaded cells), work-in process or finished product (light gray-shaded cells), or from both raw and work-
in-process or finished product samples (black-shaded cells). Numbers within cells represent the number of isolates of a specific AT isolated from 
a given source.
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envenue, 2014; Watterson et al., 2014). To assess the 
relationship between SCM and the spore genera that 
were detected, we stratified the spore isolates by SCM 
[consisting of either HHR or SSP heat treatments and 
subsequent incubation temperature (6, 32, or 55°C)] 
of the sample from which they had been isolated. In 
total, we analyzed 5 different SCM (we did not detect 
any spores from HHR pasteurized samples incubated at 
PSC temperatures). Overall, we found that 8 out of 12 
spore genera were detected by at least 2 different SCM 
(Table 5).
Bacillus spore isolates were recovered from all 5 SCM. 
This result was not surprising given the broad range 
of growth temperatures reported among the Bacillus 
genera (De Vos et al., 2009). Importantly, this result 
suggests that Bacillus spores present in SP dairy pow-
der samples will likely be detected by multiple SCM, 
although we were unable to determine from our present 
data set whether any differences exist in the quantity of 
spores that can be recovered by each method. Schelde-
man et al. (2005) also found that Bacillus spores were 
detected from various environmental and BT raw milk 
samples receiving a HHR heat treatment. Geobacillus 
and Anoxybacillus spores were recovered from samples 
receiving either SSP or HHR SP but were restricted to 
SCM with incubation at 55°C.
No spore genera were exclusively isolated following 
HHR but not SSP heat treatments. Genera that were 
only isolated following SSP included Paenibacillus, 
Lysinibacillus, Oceanobacillus, Solibacillus, Sporosar-
cina, and Terribacillus. It should be noted that some 
of these isolates were recovered on very few occasions 
(see Table 5; e.g., just 2 spore isolates were obtained for 
Sporosarcina and Terribacillus genera), and any conclu-
sions drawn about their sensitivity to HHR pasteuriza-
tion should be done with caution. Spore genera that 
were only isolated following sample incubation at 55°C 
(true thermophilic) include Geobacillus, Anoxybacillus, 
Aeribacillus, and Ureibacillus. Genera that were only 
isolated from MSC (incubation at 32°C) represented 
Lysinibacillus, Oceanobacillus, Sporosarcina, and Ter-
ribacillus spp. (Table 5). Importantly, this suggests 
that some spore species may not be detected by some 
SCM. For example, Lysinibacillus spores (n = 26 spore 
isolates) were only recovered from SSP (80°C for 12 
min) with incubation at 32°C. Therefore, SCM using 
either HHR SP or incubation at 6 or 55°C would likely 
fail to detect Lysinibacillus spores. Overall, this finding 
suggests that SCM should be selected to enumerate the 
spore species of interest.
Other studies have reported isolating Paenibacillus 
spores from raw milk using multiple SCM (Coorevits 
et al., 2008). In contrast to our findings, Scheldeman et 
al. (2005) reported that Paenibacillus spp. were isolated 
from raw milk and environmental samples subjected to 
HHR SP. This result could be attributed to differences 
in species isolated or differences in levels of Paenibacil-
lus spores present in the sample. The results of Schelde-
man et al. (2005) largely confirm our finding that fewer 
spore genera are found in samples subjected to HHR 
pasteurization.
Whereas our analyses suggested that certain spores 
are capable of surviving various SP heat treatments 
and that the resulting bacteria were capable of growing 
Table 5. Detection of spore genera using different spore pasteurization and spore count methods
Genus
Proportion of 
all isolates,1 %
No. of isolates obtained from each SP method2
SSP HHR
PSC3 MSC3 TSC3 MSC TSC
Bacillus 68.9 4 567 380 44 54
Geobacillus 12.1 — — 85 — 100
Anoxybacillus 10.6 — — 127 — 34
Paenibacillus 2.8 3 32 8 — —
Aeribacillus 1.7 — — 15 — 11
Lysinibacillus 1.7 — 26 — — —
Ureibacillus 0.7 — — 8 — 2
Oceanobacillus 0.5 — 8 — — —
Brevibacillus 0.5 — 2 3 — 2
Solibacillus 0.3 1 3 — — —
Sporosarcina 0.1 — 2 — — —
Terribacillus 0.1 — 2 — — —
1Proportion of isolates from all sources from a given genus, compared with all isolates (n = 1,523) analyzed.
2SP = spore pasteurization; SSP = standard spore pasteurization (80°C for 12 min); HHR = highly heat re-
sistant (100°C for 30 min).
3PSC = psychrotolerant spore count (incubation of spore pasteurized samples at 6°C for 10 d); MSC = meso-
philic spore count (incubation of spore pasteurized samples at 32°C for 48 h); TSC = thermophilic spore count 
(incubation of spore pasteurized samples at 55°C for 48 h).
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at multiple temperatures, further analyses will be ben-
eficial in more definitively identifying which bacterial 
spores cannot be isolated from various SP methods. 
Importantly, our results highlight the potential for the 
redundant detection of the majority of spore-forming 
genera that were commonly isolated from BT raw milk 
and dairy powder samples.
CONCLUSIONS
Overall, we found that the spore populations isolated 
from a variety of dairy powder and BT raw milk sam-
ples were significantly different. A broad range of spore 
species were isolated from BT raw milk and the 4 dairy 
powder-processing plants. In general, Bacillus and Geo-
bacillus represented the most frequently isolated spore 
genera. Very few spore subtypes were isolated solely 
from raw materials (i.e., not isolated from WIP or 
finished product), suggesting that spore contaminants 
found in BT raw milk are typically capable of persist-
ing in the product throughout the processing run. Our 
results also suggest that several spore genera that are 
frequently isolated from dairy powders are commonly 
isolated using multiple SCM, suggesting that the simul-
taneous use of multiple methods may provide redun-
dant information. Our study provides important data 
regarding the ecology of spores present in a variety of 
different dairy powders. Altogether, our results suggest 
that controlling spore counts in raw materials, as well 
as limiting in-plant contamination, are both important 
for producing dairy powders with low spore counts.
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